The complex relative permittivity of a non-crystallizable secondary alcohol, 5-methyl-2-hexanol, is measured over a wide range of temperatures and pressures up to 1750 MPa (17.5 kbar). The data at atmospheric pressure (P = 0.101 MPa) are analyzed in terms of three processes, and the results are in complete agreement with that of O. E. Kalinovskaya and J. K. Vij [J. Chem. Phys. 112, 3262 (2000)]. Process I is of the Debye type and process II is of the Davidson-Cole type, whereas process III is identified as the Johari-Goldstein relaxation process. For pressures of ∼500 MPa and higher, processes I and II are seen to merge into each other to form a single dominant process which unambiguously cannot be resolved into more than one process. The dielectric relaxation strength of process I decreases slightly initially with pressure and when the two processes have merged at elevated pressures, the total relaxation strength increases with increase in pressure. Process III is better resolvable at higher pressures especially above T g in the supercooled liquid state for the reason that the separation in the time scales between the dominant and the JG relaxation process increases at elevated pressures. Surprisingly we find a change in the slope in the plot of log τ JG vs. 1/T for P = 1750 MPa. The results for the relaxation time of alcohols are compared with the Kirkwood correlation factor, g, and it is found that higher is the g, lower is the relaxation time for process I, and it is more of the Debye type. On a reduction in g brought about by an increase in pressure at lower temperatures, the dominant process becomes non-Debye though extensive hydrogen bonding is still present. The dielectric strength of the merged processes increases with increase in pressure. The values of the steepness index, m = |d log τ /d(T g /T)| T = Tg for processes I and II are different for P = 0.1 MPa. However the value of m, for the composite process, which is a merger of processes I and II, for P = 1750 MPa is almost the same for process II at P = 0.1 MPa. From the results of the activation volume, activation enthalpy, and a comparison of the relaxation times with the g factor, we conclude that both processes I and II are significantly affected by hydrogen bonding and both contribute to the structural relaxation.
I. INTRODUCTION
The effect of pressure on the dielectric relaxation behavior of liquids has been a subject of enormous interest since the 1960s. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Work at the time was hampered by the long and tedious manual procedures required to make dielectric measurements for different pressures at different temperatures. More recently, however automated data collection techniques as well as the data analysing techniques 14, 15 have made such studies more revealing of the effects observed at pressures especially exceeding 500 MPa (5 kbar). Considerable attention has been focused on to the hydrogen-bonded alcohols. These studies were initially made for the reason that dynamics in alcohols is much slower and simpler 1, 16, 17 and exhibited dispersion at frequencies where measurements could have easily been made. Furthermore these gave a basis for the exploration of the phenomenon of dynamics in liquids under hydrostatic pressure for different temperatures with pressure as an addia) Author to whom correspondence should be addressed. Electronic mail:
jvij@tcd.ie.
tional thermodynamic variable to temperature. However recent studies using high hydrostatic pressure [18] [19] [20] are motivated mainly by two reasons: (i) to resolve a controversy that exists as to whether the predominant process observed in some of the monohydroxy alcohols, which is Debye-like, contribute to the structural relaxation. In this context, the structural relaxation refers to the manner in which the system returns to equilibrium after the field is removed, and whether motions responsible for viscosity and dc conductivity contribute to it, and (ii) to find as to how the effects due to hydrogen-bonding are manifested in the physical properties of biological systems so as to advancing their understanding. Water is the most simple and ubiquitous liquid and it plays the most important role in biology. Due to the formation of an almost well defined unit of co-ordinated structure through hydrogen bonding in the liquid state, it cannot easily be supercooled due to the onset of crystallization at the freezing temperature. A detailed discussion of the first motivation will be made in Sec. IV B.
It has been found that while an initial application of pressure promotes hydrogen bond formation in alcohols, application of further higher pressure deforms or weakens these bonds, and hence the population of hydrogenbonded structural motifs is reduced. Since hydrogen bonding effects the orientational correlation of dipoles through short-range dipolar interactions given by Onsager-KirkwoodFröhlich theory, 21 it changes the equilibrium dielectric permittivity due to both changes in the density and an alteration in the structure but except for cases where it leads to ring dimer formation. 12, 22, 23 Pressure in general raises the static dielectric permittivity. 5, 12 Pressure has pronounced effects on the dielectric relaxation time especially at lower temperatures. 5, 13 For experimental investigations up to 400 MPa (4 kbar) and for frequencies in the range 50 mHz to 0.5 MHz and temperatures down to 215 K, Johari and Dannhauser made for the first time a detailed investigation 5 of five isomeric octanols and found that the predominant dispersion is well described by the Debye equation in only some of these octanols. However they observed higher frequency dispersions and departures from the Debye behavior in four out of the five compounds. They were easily able to resolve a number of dispersions in three out of the five isomeric octanols. For example, in 6-methyl-3-heptanol, three dispersions at a temperature of 218 K were reported and consequently they determined three relaxation times. Furthermore they found that the amplitude of process III increased with pressure and stated it was "a surprising observation" but at the time they did not ascribe any cause to this process. This is now known as the Johari-Goldstein (JG) relaxation discovered one year later to these early indicative observations made in a different context. 24 Johari and Dannhauser 5 also found that process II especially at lower temperatures was of the Davidson-Cole type. 25 This work was extended by Vij et al. 12, 13 to an investigation of four heptanol isomers (1-heptanol, 3-heptanol, 3-methyl-2-hexanol, and 2-methyl-2-hexanol) who investigated these liquids in the frequency range of 20 Hz to 6 MHz and temperatures from 373 K to 243 K. Since their low frequency measurements were limited to 20 Hz only, they did not observe the non-Arrhenius nature of the dominant process at the lowest temperatures. The nature of the dominant process was of the Debye-type in 1-heptanol. However a slight departure from the Debye process was observed in 3-heptanol and the Davidson-Cole 25 type behavior was found in the other two compounds: 3-methyl-2-hexanol and 2-methyl-2-hexanol. The results revealed that DavidsonCole parameter β for the dominant process decreased or the distribution of relaxation times increased with an increase in pressure and the values of the parameter β, so calculated from the fits, were tabulated.
Several monohydroxy alcohols and amides are known to exhibit three relaxation times in their dielectric spectra. [26] [27] [28] The lowest frequency process in these systems is designated as process I. This is almost of the Debye-type. The next higher frequency, designated as process II, shows broader distribution of relaxation times and is usually of the DavidsonCole 25 type, and the highest frequency process is designated as process III. Though weak in dielectric strength, it has a much wider distribution of relaxation times but with almost Arrhenius temperature dependence of the relaxation time and is identified as the JG relaxation. 24 One of the monohydroxyl alcohols 2-ethyl-1-hexanol has been studied extensively in the literature mainly with a view to resolving as to which of the two processes I or II, is responsible for the structural relaxation. [18] [19] [20] [29] [30] [31] In particular, dielectric features have been compared with the observations made from calorimetry, 29 mechanical spectroscopy, 29 and recently NMR. 31 The effects of high pressure on dielectric properties have been investigated by three groups. [18] [19] [20] A comparison of these results with those found using alternative complementary techniques has led to a controversial interpretation. Fragiadakis et al. 18 have given a brief and updated review of this controversy.
This relaxation in its simplest form pertains to the dynamics that ceases in the experimental time span of an observer, and the relaxation time is conventionally fixed corresponding to a frequency of 10 −4 Hz for which ε is maximum as the system approaches the glass transition temperature (according to the definition used in some of our previous works). [32] [33] [34] In differential scanning calorimetry (DSC) the time is fixed at 100 s, which many researchers in dielectric spectroscopy have also adopted. In fact the structural relaxation may correspond to almost all the fluctuations that cease at the glass transition temperature. These exclude those corresponding to the JG mode which still persist in the glassy state; the motions corresponding to JG mode are localized. 24 Hence if the state of the liquid at a given temperature were to explore a large number of configurations of equal energy, then these configurations would increase a liquid's configurational entropy S c . (Note that S c is determined by using the integral of the excess specific heat C P , of a liquid over the crystal phase value at constant pressure, S c = T T 0 ( C P /T )dT ; T 0 is the temperature where S c → S c(crystal phase) ). The state point of a liquid explores configurations of different energies at different temperatures but at a given temperature only configurations of the same energy determine S c . There will thus be a temperature-dependent configurational contribution to entropy and it is observed as a change in C P with T. If the frequency of the small-amplitude heat flux (perturbation) to the sample is changed, the real and imaginary parts of the dynamic specific heat depend on frequency, as is observed in ultraviscous liquids at temperatures close to T g. (This dependence determines how the heat flux is absorbed into different modes of molecular motions.) All structural fluctuations amongst configuration of equal energy are included in the dynamic behavior and reflected in the dynamical specific heat of an equilibrium liquid.
From measurements on 5-methyl-2-hexanol, Tombari et al. 38 have found out that the calorimetric relaxation time is different from the dielectric relaxation time of both processes and the distribution of relaxation times found from such studies is also not the same as found from dielectric spectroscopy. Calorimetric relaxation requires configurational fluctuations which do not require a change in the dipole vector whereas the dielectric relaxation requires that the dipole vector lag behind the electric field vector. Also, the distribution of relaxation times for the calorimetric and the mechanical relaxation is found not to be the same as seen by dielectric dispersion. Calorimetry as already implied explores all molecular degrees of freedom, whereas the mechanical spectroscopy explores the elastic deformations following the application of the mechanical field, and the results are also not specifically related to the molecular behavior either. Structural fluctuations may not correspond to the H-bond fluctuations especially when the reference molecule reforms a bond with the same neighboring molecule. It should therefore not be a surprise to us when the distribution of relaxation times observed by one technique differs from that given by the other and the determined values of the kinetic glass transition temperature T g differ somewhat from each other. It has already been shown that T g determined using dielectric spectroscopy for process I is higher than for process II by a temperature of ∼1-3 K (Ref. 35 ) (see Table I , last column in Ref. 35 ). This is valid for both 5-methyl-2-hexanol 32 and 1-propanol 36 in their neat forms as well as in their solutions of 0.5% and 1% of salt (LiClO 4 ). [35] [36] [37] This salt is known to partially break the hydrogen bonds.
In this paper, we report the dielectric permittivity, ε , and the dielectric loss, ε , spectra of a neat monohydroxy alcohol 5-methyl-2-hexanol up to a high pressure of 1750 MPa (17.5 kbar) for different temperatures. The dielectric spectroscopy of 5-methyl-2-hexanol in neat liquid form, 32 in solutions of both non-polar 33 and polar solvents 34 and by the addition of LiClO 4 salt, 35 have already been reported. The limitations of the Debye-Stokes-Einstein equation are already discussed. 35, 37 The DSC for a range of temperatures has also been investigated. 38 The various findings made so far on 5-methyl-2-hexanol are summarized in a recent paper.
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II. EXPERIMENTAL METHODS
5-Methyl-2-hexanol of analytical grade of purity ≥98%, purchased from Sigma Aldrich, was distilled under vacuum. The distilled middle fraction was analyzed using NMR and the water content of <0.05% was detected, and small traces of ≤0.5% of the other isomers of heptanol were found. In the previous works, [32] [33] [34] [35] 37 purum grade of 5-methyl-2-hexanol of purity >99.8% purchased from Fluka A. G. Switzerland was used. However, no difference in the results of the dielectric permittivity for the two samples of 5-methyl-2-hexanol, obtained under the same experimental conditions, was found. The dielectric measurements were carried out using Novocontrol Alpha-A Analyzer and ZG4 dielectric interface in the frequency range between 50 mHz and 3 MHz. The results of complex dielectric permittivity at the atmospheric pressure of ∼0.1 MPa and for the various selected temperatures investigated agreed completely with those made previously by Kalinovskaya and Vij. 32 The design of the high pressure technique used herein is very similar to that used by Johari and Whalley. 9 The experimental pressure setup was constructed by Unipress Ltd., Poland where a homemade parallel plate capacitor, with two standing semicircular flat-faced steel electrodes, bonded together by two teflon rings one on either ends, could be inserted in the bore of the pressure vessel of diameter 10 mm. A spacing of 0.5 mm provided by teflon spacers inserted in between the two flat faced electrodes of the cell was obtained. The electrical connections were made to the bottom of the each of the two electrodes. The pressure was exerted on the sample by a steel piston. The sample under experimental investigation was in contact with only stainless steel and teflon. During high pressure measurements, temperature was controlled to within 0.5 K using a Tenney thermostatic system. The accuracy in temperature at the atmospheric pressure is maintained for several hours to within ± 0.1 K, as required by the dielectric measurements at mHz frequencies.
III. EXPERIMENTAL OBSERVATIONS AND DATA ANALYSIS
The ε and ε spectra of 5-methyl-2-hexanol are recorded over a temperature range of 340 K and 209 K and for pressures up to 1750 MPa. For atmospheric pressure, the temperature range investigated is much wider and the accuracy and the stability of the temperatures are much higher. At several temperatures, the sample at a higher pressure was left overnight to find if any changes in the dielectric properties with time were observed. This was not the case for the investigated sample. This also implied that the 5-methyl-2-hexanol did not freeze with time under high pressure.
The ε and ε data are analyzed using the HavriliakNegami 39 equation for the complex permittivity given below and asymmetric shape parameters of the ith process. The term σ dc /ε 0 ω is the contribution of dc conductivity to ε . ε ∞ is the sum of the permittivity contributions from vibrational, ionic, and electronic polarizations. The imaginary part of Eq. (1) was fitted to the experimental ε spectra using the dielectric fitting program, WinFit, purchased from Novocontrol. Fitting to the real part of permittivity ε at the atmospheric pressure of 0.1 MPa was carried out to further refine the fitted parameters. For the parameter α i to be unity, τ H Ni = τ max i . However, if both α i = 1 and β i = 1, then f m,i is calculated using
where f m,i is the frequency of maximum dielectric loss for the first and the slowest relaxation. i = II corresponds to the next higher frequency process, and i = III corresponds to the Johari-Goldstein (JG) process. The latter process will be discussed in a separate section. The relaxation time is found us-
The dependence of τ dom = τ m = τ on temperature and pressure can be used to calculate the enthalpy and the volume of activation for both processes by a procedure being outlined here.
When Eyring theory of absolute reaction rates is applied to the dielectric relaxation process/es as was first done by Kauzmann 41 , this leads to the following formula:
Here an activated state symbolized as #, is envisaged in which molecules are free to respond to an external field, h is the Planck's constant, R is the gas constant, and G # is the Gibbs free energy of the activation and is expressed in terms of the enthalpy of activation H # and the change in the entropy S # from the final to the initial state.
From equations (3) and (4) we can derive H # τ , where the subscript τ stands for the activation parameters calculated from the data on relaxation time.
Whalley 3 has shown that the volume of activation V # for the relaxation process is given by
From the linear dependence of ln(τ T ) with 1/T observed over a limited range of temperatures and from its slope H # is found using Eq. (5); S # can be found from the intercept of this plot. The Gibbs free energy G # can be found using Eq. (4).
Over lower range of pressures, ln τ vs. P is linear and from these we can estimate the volume of activation, using TABLE I. The distribution of relaxation time parameters (α i and β i ) for the two processes I and II at P ∼ 0.1 MPa and for the dominant process at higher pressures. Temperature range of the measurements is given in each case. Eq. (6) . Values of the activation parameters so deduced will be discussed later.
IV. RESULTS AND DISCUSSION
The distribution parameters of the relaxation processes found by fitting the data to the H-N Eq. (1) are listed in Table I (given for both processes I and II for P ∼0.1 MPa) and for the dominant process at higher pressures.
We find that the parameter β dom at a pressure of 512 MPa decreases from ∼0.9 at 280 K to ∼0.75 for 200 K. Similarly a reduction in β dom with temperature for a pressure of 780 MPa is observed. At a pressure of 1750 MPa, the value of β dom is already low and it varies by 10% around a mean value of 0.53 for different temperatures. of the ε peak is seen to increase significantly at higher pressures from its atmospheric value of 1.14 decades. The results of the measurements show that such a change occurs continuously. The peak of log ε at a pressure of 1750 MPa has already shifted to much lower frequencies below the window of the experiment. At this temperature and pressure, 5-methyl-2-hexanol is already transformed to its glassy state leading ε to be of the order of 10 −2 in the experimental frequency range of investigations. An almost linear rise in log ε due to dc conductivity at lower frequencies for a pressure of 0.1 MPa, is seen to decrease with an increase in pressure (not shown in Fig. 4) , as expected. Figure 5 shows the dielectric strength ε I calculated for process I (or ε dom for higher pressures) vs. temperature for pressures of 0.1 MPa, 512 MPa, 780 MPa, and 1750 MPa. This shows that ε I (or ε dom ) decreases slightly with an increase in pressure up to 512 MPa but it then subsequently increases for pressures of 780 MPa and 1750 MPa. The temperature range, for which these curves are shown, depends on the pressure-the range decreases with an increase in pressure. At lower temperatures and higher pressures, 5-methyl-2-hexanol goes into its glassy state. For P = 0.1 MPa, ε I and ε II for the two processes are also shown in the inset of f m,i ∼ 8 Hz, where the dominant ε peak almost coincides for the three sets of temperatures and pressures: T = 173 K, P = 0.1 MPa; T = 214 K, P = 512 MPa; T = 233 K and P = 780 MPa; and T = 281 K, P = 1750 MPa. The height of the loss peak of the dominant peak decreases with elevated pressure. Also the half width of the loss peak is seen to increase significantly at higher pressures from its atmospheric value of 1.14 decades for process I. The curve for the dominant process for a pressure of 1750 MPa is much wider, and this results in an increase in the total dielectric strength for the dominant process, though the height is reduced, as seen in Fig. 6 . This becomes even more obvious from the experimental data presented on a master-plot given in Fig. 7 of the ε spectra for different temperatures for the selected pressure values of 512 MPa and 1750 MPa. The isobaric ε spectra for P = 1750 MPa are superimposed on that calculated using Kohlrausch-Willams-Watts 41 stretched exponent, β KWW = 0.64 for the time dependence of the decay in the polarization following the removal of the field; whereas for P = 512 MPa, these are superimposed with β KWW ≈ 0.94. Figure 7 shows that the two processes which are distinct for P = 0.1 MPa appear merged at elevated pressures. This is possibly due to the break-up of the hydrogen bonds and now any reference dipole in the liquid structure is heterogeneous and this in turn leads to a broader distribution of relaxation times. These results appear to be different from those shown by Reiser et al. 19 for 2-ethyl-1-hexanol, where they show that the peak corresponding to process II increases, whereas the one for process I decreases in amplitude with increase in pressure. The two loss peaks in 2-ethyl-1-hexanol are shown apart in the frequency domain for pressures of up to at least 1000 MPa (10 kbar) although both processes markedly approach to each other with densification (see Fig. 5, Ref. 18 ). This is not, however, seen for 5-methyl 2-hexanol in its pure liquid form. The explanation for the differences in the behaviors of the two alcohols will be given later.
The rise in the conductivity curves for these three sets of temperatures and pressures do coincide better than those observed by Reiser et al. 19 for 2-ethyl-1-hexanol, again seen in Fig. 7 . Figure 8 shows that for a fixed value of ε dom , in the range of the values selected, temperature is increased with elevated pressure, especially above ∼500 MPa. The set of temperatures, however, for a pressure of 512 MPa are lower compared to a linear extrapolation of these curves alone. This is a consequence of a reduction in ε I caused by an initial rise in pressure. For the same ε I , we need to go to lower temperatures. Such a behavior is likely to be a consequence of the break up in the dominant hydrogen bonded structure of 5-methyl-2-hexanol in its liquid state with increased pressure as already concluded. Figure 9 shows the change in the relaxation time of the dominant process with increase in the pressure for selected temperatures. This curve reflects an increased relative sensitivity of the relaxation time's dependence on pressure for different temperatures. The relative pressure sensitivity of the relaxation time is found to be much higher for lower temperatures than for higher temperatures. The slope gives a value for the activation volume V # , defined as the difference in the volume between the activated and non-activated states. A tendency for the divergence in the relaxation time plot vs. pressure is also apparent at higher temperatures. These results extend the trend previously established for heptanols 13 and octanols 5 investigated, up to pressures of 350 and 400 MPa. For P < 500 MPa, the frequency for which ε peak will occur is beyond the frequency window of the experiment. Normally one would have expected this curve at higher pressures to diverge with pressure but this cannot be visualized due to the absence of the data at lower pressures for these temperatures. Figure 10 shows isochronal plots of T and P for the various values of the relaxation times of the dominant process τ dom varying from 3.3 s to 10 −6 s. The behavior on the T and P plane plot is reflected in a continuous change being observed as is expected. The curves on the T-P plot are almost linear at low pressures but then these saturate at higher pressures. These curves show an increased sensitivity of τ dom on temperature than on the pressure. Such a trend has also been observed for other hydrogen-bonded systems. 5 The results in this figure also confirm the previously drawn conclusion that process I does not disappear for any values of T and P in the range of temperatures and pressures investigated. If this pro- cess were to disappear for some values of T and P, and the system were to be controlled by process II, a discontinuity in the curves of Fig. 10 could have easily been observed due to different temperature and pressure sensitivities of the two relaxation processes. The linear parts of the curves are similar to those shown by Johari and Dannhauser 5 for the five isomers of octanols (Fig. 15 Figure 11 shows a log-linear plot of τ I and τ II as a function of 1/T for both processes I and II at the atmospheric pressure, whereas the plot of τ dom vs. 1/T for pressures of 512 MPa, 780 MPa and 1750 MPa are shown. Data for τ II are shown only for P ∼ 0.1 MPa as τ II is sufficiently resolvable for this pressure alone. The increase in the pressure shifts the loss peak to lower frequencies for both processes I and II. The shift is much larger for process II than for process I, such that both processes merge into each other for P ≤ 512 MPa and the ε curve for the dominant process gets broader. The measurements show that process I does not disappear with increasing pressure and hence it is reasonable to conclude that process II having almost merged in process I is indistinguishable from the latter at pressures of ∼512 MPa and above. This behavior contrasts with that for 2-ethyl-1-hexanol. The glass transition temperature of 5-methyl-2-hexanol is 147 K, whereas that of 2-ethyl-1-hexanol is 146 K. These temperatures are rather closer to each other; except that the definition with which these are determined is slightly different. For Hz for 2-ethyl-1-hexanol 29 was used to find T g in the literature. 5-methyl-2-hexanol is an isomer of heptanol, whereas 2-ethyl-1-hexanol is an isomer of octanol (octanols studied by Johari and Goldstein 5 ). However the data for their viscosities are not known. In one case the hydroxyl group is at the end of the chain (2-ethyl-1-hexanol), the ethyl group is next to it, whereas in the second case (5-methyl-2-hexanol), the hydroxyl group is at position 2 from the end of the chain, and the methyl group is at position 5, with 6 carbon atoms in the chain are present in both cases. For a temperature of 190 K and P ∼ 0.1 MPa, τ I and τ II for 5-methyl-2-hexanol are 5 × 10 −4 s and 8 × 10 −6 s, respectively, with the ratio of τ I /τ II = 63, whereas for 2-ethyl-1-hexanol, these relaxation times are 3 × 10 −4 s and 5 × 10 −7 s, respectively, giving a ratio of τ I /τ II = 600 in this case . The value of τ I for 2-ethyl-1-hexanol is approximately the same as for 5-methyl-2-hexanol; however τ II for 2-ethyl-1-hexanol is a factor of decade lower than for 5-methyl-2-hexanol. The reason as to why the relaxation process I is of the Debye type in some monohydroxy alcohols is given here. In straight or almost hydrogen-bonded chains formed such as in 2-ethyl-1-hexanol, the breaking and reforming of the hydrogen bonds takes longer than the reorientation time of the orientation of the -OH group dipole moment of the individual molecules around their major molecular axis. Nevertheless the relaxation time for this process is also controlled by the reorientation time of the molecule as well as the cooperative phenomenon of making and breaking the hydrogen bonds here. This process does involve structural fluctuations as the -OH group has to change its position and this process should therefore contribute to the structural relaxation in spite of the fact that the relaxation process is of the Debye type. The main reason is that the structural fluctuations are faster than the reorientation time of the -OH group and of the making and breaking of the hydrogen bonds. Since the environments of the reference dipole are homogeneous and these are changing faster than the reorientation time of the molecule then the relaxation time as per Anderson and Ulmann model 44 is of the Debye type. For the case of 5-methyl-2-hexanol under investigation, the -OH group as already stated is at position 2 of the carbon chain and the hydrogen-bonded chain is not that straight due to the presence of the methyl group at position 5 (or position 2 from the second end of the chain), the time taken by the -OH group to change the direction involves the spinning motion about the hydrogen-bonded chain axis which is bent compared to that for 2-ethyl-1-hexanol. The activation energy for process I, H # , for 5-methyl-2-hexanol (15.3 kcal/mol) and 2-ethyl-1-hexanol 45 (13.6 kcal/mol) are similar to each other. The relaxation time of process II is associated with the rotation of the -OR group around the -OH group while the hydrogen bonding may or may not be fixed during this duration of time and involves fluctuations in the dipole moment of 1. 29 Debye. This explanation first advanced by Hassion and Cole 46 is well borne out by the recent results of the two alcohols shown for different temperatures and pressures. Since the alkyl groups are highly disordered, the fluctuation in the structure is easily passed on to the neighboring molecules. The explanation given by Garg and Smyth 47 involving the reorientation of the free non-hydrogen bonded molecules is ruled out for the reason that the relaxation time of single molecular orientation is unlikely to be too long and it may also not lead to the Vogel-Fulcher-Tamman 48 type of temperature dependencies observed for process II with a large steepness index, m.
The fact that the dominant process under higher pressures has broader distribution of relaxation times leads to the following interpretation: the increase in the pressure distorts the hydrogen bonds. The making and breaking of the hydrogen bonds with the same neighbors are no longer feasible, and hence the structure around a reference dipole is no longer homogeneous. This heterogeneity in the structure around a reference dipole gives rise to a broader distribution of relaxation times especially at higher pressures. The time duration required for making and breaking of hydrogen bonds in such a distorted structure necessarily includes the re-orientation of dipoles and any motion, whether of the spinning of the -OH group around the chain axis or the rotation of the -OR group around the O-H bond, is dielectrically indistinguishable. The situation is rather similar to the case for 1-phenyl-1-propanol 49 and 2-phenyl-1-propanol, 50 where the dominating process in each of these two liquids has broader distribution of relaxation times rather than Debye type process I seen in some monohydroxy alcohols. Though the hydrogen bonding is still extensively present in these two liquids, nevertheless the hydrogen-bonded structure is prevented from being linear in each of these two liquids by the steric hindrance of the bulky phenyl group close to the hydroxyl group. Because of the distorted nature of the hydrogen-bonded chains, the environment around the reference dipole is heterogeneous and consequently the Debye type process (process I) for 1-phenyl-1-propanol and 2-phenyl-1-propanol is not observed. These plots of log τ I and log τ II for the two processes as a function of 1/T given in Fig. 11 are fitted to the equation which is a modification of VFT (Ref. 51 ) and is derived on assumptions concerning a change in the specific heat with temperature
In equation, DT 0 = B, B is a parameter of the VFT. The parameters are listed in Table II. The parameter D is related to the steepness index, m cal , by the following relationship (Eq. (8)).
Here T g = T for τ = 10 2 . Thus there is an uncertainty in determining m cal from Eq. (8) because it depends on several fitted parameters. Process III is the JG β relaxation process. This is clearly resolvable for the pressures investigated. Plots for log τ III as a function of 1/T for the two pressures of 0.1 MPa and 1750 MPa are also shown in Fig. 11 . This will be discussed in Sec. IV D. Figure 12 shows the plot of log τ I and of log τ II versus the inverse of absolute temperature normalized to the glass transition temperature at the atmospheric pressure of ∼0.1 MPa. The viscosity was first plotted as a function of the inverse normalized temperature by T g , by Oldekop, 53 and was followed by Laughlin and Uhlmann. 54 Angell, 55 who first used the plots of the viscosity against T g /T, extended the plots later to the dielectric relaxation time versus T g /T similar to that of the Oldekop plot 53 for viscosity. Since the data of ε , at pressures of 512 MPa and above are not resolvable; the curves for the relaxation times of the dominant process as a function of T g /T are shown in Fig. 12 
is plotted as a function of pressure. It is preferred to calculate m slope using Eq. (9) as the uncertainty is small. The surprising and the most interesting aspect of the results is that the steepness index (or fragility coined by Angell) increases with pressure from 37 to 72 and for a pressure of 1750 MPa, m slope is almost the same as for process II at the atmospheric pressure. This shows that the dynamic heterogeneity reflected in the steepness index, m slope , as probed by dielectric spectroscopy for process II is the same as that observed for the dominant relaxation process (a merger of processes I and II) for P = 1750 MPa. A similar observation has also recently been made on 2-ethyl-1-hexanol.
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A. Interpretation of the relaxation time in terms of the barrier height Debye 57 gave two alternative interpretations of the dielectric relaxation time. The most commonly used is based on the Brownian motion in which the relaxation time is linked to kinematic viscosity of the medium. The alternative one is that the relaxation time is determined by the jump over the barrier height. This idea was later developed by Fröhlich 21 and is now called the Debye-Fröhlich model. According to this model, the relaxation time is associated with the escape rate from the potential well. It is also well known that if the barrier height kT, then the relaxation is of the Debye type. 58 Even if there were a distribution in the barrier heights, such a variation as percentage of the total barrier height would be small. In liquid crystals, it is known that those modes associated with a large nematic potential: such as the rotation of the dipole around the short axis, are of the Debye type with almost zero distribution of relaxation times. 59 However, the modes involving the rotation of molecules along their long axes and the precession around the director are usually of the non-Debye type. In ferroelectric liquid crystals, the symmetry breaking mode, known as Goldstone mode, is inevitably of the Debye type whereas other modes such as soft-mode and molecular modes usually are non-Debye. 60 In view of this model, both Debye and non-Debye processes are equally informative and so long these are thermally activated involve molecular motions, molecular reorientations, and structural fluctuations. It would therefore not be correct to state that only those modes that have distribution of relaxation times are associated with the molecular reorientation and therefore only correspond to the structural relaxation.
B. Structural relaxation
The parameters, such as the enthalpy and the volume of activation for processes-I and II at P ∼ 0.1 MPa, are calculated from the experimental data and are listed in Table III. For the dominant process, these parameters are also calculated for the data at higher pressures. The results are compared with those of the other isomers of heptanols. The enthalpy of activation is calculated from the linear range of
The linearity is observed only at higher tem- 
0. peratures but the slope increases significantly as temperature approaches T g as expected. The volume of activation is calculated from d(lnτ )/dP, the slope is linear at lower pressures and then saturates with an increase in pressure. We find that these parameters for process I at P ∼ 0.1 MPa are somewhat lower than for process II. Nevertheless these parameters are significantly larger even for process I compared to other liquids. If process I merely reflected making and breaking of hydrogenbonds and no orientation of molecules, one would not normally expect such a large value for the volume of activation. These results lead us to the conclusion that both processes do involve structural fluctuations as well as the orientation of molecules and consequently both processes contribute to the structural relaxation. The fact that process I exhibits Debye process may imply one of the two scenarios: local structure around the reference dipole is homogeneous or that this process cannot probe the dynamic heterogeneity in some of the monohydroxy alcohols such as 5-methyl-2-hexanol. This in no way conflicts with the concept that spatial heterogeneity in general is a prerequisite for glass vitrification. The mode associated with process II is a better probe for dynamic heterogeneity using dielectric spectroscopy. The probe as already stated should not yield the same result as using the experiments on dynamic specific heat. Table IV lists the dielectric relaxation time of the dominant process (process I for the data at P ∼ 0.1 MPa), τ II and the Kirkwood correlation factor, g, at a temperature of 258 K. The calculated values of Kirkwood correlation factor, g, and the relaxation times for a selected set of temperature and pressure are also listed. In order to calculate the g-factor at a pressure of 200 MPa and temperature of 258 K density for 5-methyl-2-hexanol was extrapolated from its close isomer which was already reported by Vij et al. 12 From a perusal of Table IV and (Table VII, Ref. 13 which includes results calculated from the data for the octanol isomers from Ref. 5), we find there is a definite link in between the relaxation time and the g value of the alcohols. We find higher is the g of an alcohol, lower is the relaxation time and the predominant dynamics is of the Debye type. From Fig. 10 , Ref. 13 , we find that this relationship between τ and g extends to all temperatures and pressures investigated for the isomers of heptanols and octanols. The corresponding relaxation times and τ I and τ II per unit viscosity for n-heptyl bromide 61 (similar to 1-heptanol of similar in size to 5-methyl-2-hexanol)) at 328 K are 56.4 ps and 4.0 ps. Viscosities are of similar values especially at higher temperatures. These times are lower by a factor of at least 1000 for the same temperature. This means that hydrogen bonding plays an essential role in determining both values for τ I and τ II . Based on such a link and the perusal of the values of activation volume and the enthalpy calculated so far (Table III) , it would not therefore be correct to state that τ I is governed by hydrogen bonding alone and τ II corresponding to process II, refers to the dynamics of the alkyl chains and the latter process only contributes to the structural relaxation. Based on these experimental findings, it is reasonable to assert that both processes contribute to the structural relaxation. It can also be concluded that mode of process II may probe the dynamic heterogeneity in monohydroxy alcohols.
C. Dielectric relaxation time and the Kirkwood correlation factor (g)
D. Johari-Goldstein relaxation process
Ngai and Paluch discussed the importance of the JG relaxation in glass vitrification and linked it to the α process. 62 As stated in the introduction, process III is better resolvable at higher pressures and the separation in the frequency domain of the relaxation times for the dominant process/es from the JG process is much wider. The process is resolvable above T g and is easily measurable both above and below T g . The dielectric strength of this process, though not plotted here, is higher for the data at P = 1750 MPa than for 0.1 MPa. The interesting aspect of the result is that there is a much bigger change in the slope of the curve (activation energy from a high value to a low value as the sample is cooled below T g ) at temperatures close to T g . For P ∼ 0.1 MPa, we observed only a small kink in the slope in the plot f m,JG at T g for 5-methyl-2-hexanol. 63, 64 (See Fig. 4 , of Ref. 63 and Fig. 5 of Ref. 64) . Such a non-monotonic behavior of JG relaxation was observed for epoxide-based thermosetting polymers, 65 and polypropylene glycol. 66 The trend in these results also points towards the experimental observations of tripropylene glycol, 67 though the effect observed for 5-methyl-2-hexanol for a change in the slope of log τ vs. T for temperatures close to T g observed here is much bigger. This will be published separately.
V. CONCLUSIONS
It is found that increase in pressure initially decreases the dielectric strength of the dominant process for 5-methyl-2-hexanol where it broadens the loss curve. These also show that the two relaxation processes, separated from each other on the scale of relaxation times by a factor of 100 at a temperature of 160 K and 60 at a temperature of 158 K, respectively, merge into each other for P ≥ 500 MPa. The dielectric relaxation strength of the merged processes increases with increase in pressure. The value of the steepness index, m, for the processes I and II are different for P ∼ 0.1 MPa. However value of m, for the composite process, which is a merger of the two processes I and II, for P = 1750 MPa is almost the same as for process II at P ∼ 0.1 MPa. The results for the volume of activation and enthalpy and the relaxation times show that process I does contribute to the structural relaxation similarly to process II. It would seem that either or both of the two scenarios may be valid: the dynamic heterogeneity is not important for glass vitrification and/or most likely the dynamic heterogeneity is probed by process II. In hydrogen-bonded systems (as well as in water and ice), the dominant process is the making and breaking of hydrogen bonds and this process does incorporate the reorientation of molecules and contributes to viscosity and conductivity of the system. One of the striking observations is that for a temperature of 258 K and P ∼ 0.1 MPa, the extrapolated values of τ I and τ II for 5-methyl-2-hexanol are 2.2 × 10 −8 and 3.5 × 10 −12 s, respectively. This would indicate that τ II at this temperature at least is governed by the internal rotations of the C−O group; the assignment fits in what was proposed by Hassion and Cole. 46 τ II increases remarkably with a reduction in temperature and increment in pressure and so does τ I . Such a dramatic increase could not have been possible without the hydrogen bonding having a pronounced effect on both of these processes.
